ABSTRACT This paper presents a hybrid control scheme based on a super-twisting sliding mode control and radial basis function (RBF) neural network control method for micro gyroscopes with unknown model uncertainties and external disturbances. In consideration of unknown model of micro gyroscope system, this paper utilizes the RBF neural network to realize the adaptive approximation of the unknown part of the model and ensure that the controller does not rely on the precise mathematical model of the controlled system. The neural network adaptive law is obtained by using the Lyapunov method, and the stability and convergence of the closed-loop system are guaranteed by adjusting the adaptive weight. The super-twisting sliding mode control method is adopted in order to improve the convergence speed and weaken the chattering. Finally, the simulation results verify the superiority and validity of the proposed method and compare it with the super-twisting sliding mode control without RBF neural network. Simulation results indicate that the control method proposed in this paper is very effective and feasible, achieving the required dynamic and static performance. It not only effectively weakens the chattering of the control system but also ensures the convergence of the system in limited time and improves the property of the control system. INDEX TERMS RBF neural network, super-twisting sliding mode control, micro gyroscope.
I. INTRODUCTION
As one of the most commonly used sensors for measuring angular velocity, the Micro Gyroscopes are widely used in aerospace, navigation and other fields due to its advantages in structure, volume and price. However, in actual situation, Micro Gyroscope also has some shortcomings because the performance of the Micro Gyroscope are influenced by the external interference, environment variations, temperature change, time varying parameters and manufacture errors, all these factors will affect the performance of the Micro Gyroscope and decrease the sensitivity and accuracy. In order to overcome the shortcomings of Micro Gyroscope and improve the sensitivity and accuracy of Micro Gyroscope, some advanced control methods have been proposed. For instance, a temperature prediction and control system based on BP neural network and Fuzzy-PID control method for silicon Micro Gyroscope was proposed in [1] . A novel controller based on adaptive Super-Twisting sliding mode control for Micro Gyroscopes was proposed in [2] . The on-chip temperature compensation and temperature control research was presented for the silicon micro-gyroscope in [3] . Bowles et al. [4] proposed a control scheme for a rate integrating micro-electro-mechanical-system (MEMS). In [5] , an adaptive backstepping controller with parameter estimators for a MEMS gyroscope was investigated. In [6] , a novel type-2 fuzzy sliding mode control with nonlinear consequent part in fuzzy rules was developed for Micro Gyroscope. Xu et al. [7] proposed an adaptive neural sliding mode control method for MEMS gyroscopes.
In recent years, the control of Micro Gyroscope system and other nonlinear control systems have attracted more and more attention. such as in [8] and [9] . In particular, sliding mode control has been widely used, such as in [10] - [13] . There are many other control algorithms for Micro Gyroscope. An adaptive controller was presented in [14] , but it did not fully explain the mechanical coupling term caused by the manufacture defects. Leland et al. [15] investigated an adaptive control method for Micro Gyroscope with Lyapunov method. Intelligent adaptive control strategies with terminal sliding mode controller and fractional method were developed for a Micro Gyroscope in [16] - [18] .
The conventional sliding mode control has many shortcomings, for instance, the control input of the system has serious chattering problems, and although the system can converge asymptotically, it can not converge within a limited time. A novel Super-Twisting sliding mode control was proposed, and widely used in many control systems for overcoming the disadvantages of the traditional sliding mode control. Such as, an output feedback stabilization based on super-twisting control for perturbed double-integrator system was shown in [19] . Sadeghi et al. [20] proposed a direct power control strategy based on super-twisting algorithm for brushless doubly fed induction generator. Haghighi et al. [21] proposed an adaptive Super-Twisting decoupled control method based on terminal sliding mode technique for fourth-order systems . A robust Super-Twisting sliding mode control scheme for robot manipulators was described in [22] . An adaptive Super-Twisting global nonlinear sliding mode control method for n-link rigid robotic manipulators was proposed in [23] . A new Super-Twisting control law based on finite-time was derived in [24] by devising a nonsingular terminal sliding mode surface for Mars enter trajectory tracking. According to the voltage tracking performance of three-phase differential boost inverter and the DC link capacitor voltage regulation in grid-connected PV system, an adaptive SuperTwisting sliding mode control and dual-loop control are proposed [25] . In [26] , Super-Twisting sliding mode control and high order sliding mode observer were used to estimate and control the altitude velocity of unmanned aircraft system. In [27] , a Super-Twisting PID sliding mode controller based on bat algorithm for Micro Gyroscope was presented. The detailed analysis of high order sliding mode control is given in [28] .
The aforementioned controller relies heavily on the model of the controlled system. The neural network can be used to control the system without knowing the knowledge of the controlled object model. RBF neural network as a basic neural network control method has been widely investigated. It has good generalization ability, simple network structure, and avoids unnecessary lengthy computation. Many RBF neural network sliding mode control researches for nonlinear systems have been published. In [29] , a sliding mode control scheme based on neural network for robotic manipulators is proposed, in which RBF neural network is used to approximate the nonlinear dynamics of the robot. In [30] , a robust adaptive sliding mode control strategy based on RBF neural network for time-varying system was presented. A self-organizing fuzzy RBF neural-network controller was presented in [31] to control robotic systems. In [32] , a robust Mars atmospheric entry guidance design based on a RBF neural network and second-order sliding mode control was studied. Sliding mode controller and terminal sliding mode controller with fuzzy-neural-network were investigated for MEMS gyroscope and active power filter in [18] , [33] , [34] .
For the actual Micro Gyroscope system, the system model is unknown. According to the above works, a Super-Twisting sliding mode control based on RBF neural network for Micro Gyroscope is put forward. The main features and contributions of the method studied in this paper can be summarized as follows.
1) Considering the actual Micro Gyroscope system, the difficulty of the controller design is increased because the model parameters are unknown. The control scheme proposed in this paper does not need the precise mathematical model of the system, which simplifies the design of the controller and makes the design of the controller independent of the precise mathematical model of the controlled system. RBF neural network control is used to approximate unknown dynamic characteristics, which makes the system more robust and have a better approximating performance.
2) Super-Twisting sliding mode control has many superiorities. Firstly, it is robust to external interferences and system uncertainties, and it can accurately track and regulate the system. Secondly, it only needs output information and does not require the time derivatives of the output. Consequently, the control law is relatively simple, reducing the computational burden, achieving wide application. Thirdly, the chattering caused by traditional sliding mode control algorithm can be effectively avoided, and the output signal can be continuous without chattering.
The rest of this article is organized as follows. The dynamics of Micro Gyroscope is proposed in Sect.II. In order to explain why the paper proposes this control method, the description of the problem is given in Sect.III. SuperTwisting sliding mode control based on RBF neural network is presented in Sect. IV. The simulation results are given in Sect. V in order to show the advantage and availability of the proposed control strategy. Finally, in Sect.VI, the paper ends with the conclusion.
II. DYNAMICS OF MICRO GYROSCOPE
The corresponding mathematical model of Micro Gyroscope is established in this part. Firstly, the dynamic system analysis of the Micro Gyroscope will be carried out and the dynamics model of the Micro Gyroscope system will be simplified as a damping-spring-mass system, as shown in Fig. 1 [2] , [18] . Then the differential equation of the dynamic system of the Micro Gyroscope will be established and revised under the circumstances of full consideration of different manufacturing errors.
Considering the influence of fabrication error of Micro Gyroscope, the dynamic equation of Micro Gyroscope is established as follows:
Where the mass of mass block is m, d xx is the damping coefficient of the x-axis, d yy is the damping coefficient along the y-axis. k xx is the spring coefficients along the x-axis, k yy is the spring coefficient along the y-axis. k xy is the coupling coefficient caused by manufacturing error, d xy is the damping coefficient, u x is the control input of the x-axis, u y is the control input of the y-axis, the coordinates of x-axis and y-axis in the rotating coordinate system are x and y, the angular velocity in the z direction is z .
The mathematical model of the Micro Gyroscope expressed in the Eq.(1) is a dimensional form. Each physical quantity in the formula not only takes into account the size of the numerical value, but also takes into account the consistency of the units of the physical quantity, thus increasing the complexity of the controller design. To solve the above problems, nondimensionalization of the model is necessary.
The non-dimensional form of Micro Gyroscope can be obtained by dividing both sides of Eq.(1) with m, q 0 , ω 2 0 , where the mass of mass block is m, q 0 represents the reference length, ω 2 0 represents the square of the resonance frequency of the two axes. Then the dimensionless model of the dynamics will be described as follows:
Where
In order to simplify the design of the controller, the model described in Eq.(2) can be rewritten into a vector form
Taking into account the parameter uncertainties and external interferences of the system, the model of the Micro Gyroscope system described in Eq.(3) can be modified as:q
Where D represents the uncertainty of the unknown parameters of the inertia matrix D + 2 , K represents the uncertainty of the unknown parameters of K . d represents external interference.
Then, the Eq.(4) can be written as:
Where ϕ(t) = d − Dq − Kq, ϕ(t) represents the uncertainties and external interferences of the lumped model. 
III. PROBLEM DESCRIPTION
Sliding mode control consists of two parts: equivalent control and switching control, in which switching control will lead to serious chattering problem. In this section, the Super-Twisting sliding mode control is used to replace the switching control, which not only can avoid the chattering of the control input effectively, but also can make the system converge in limited time.
Rewrite the model described in Eq. (5) as follows.
The sliding mode surface is defined as:
Where e andė are used to represent tracking error and the derivative of the tracking error respectively. c represents sliding mode coefficient.
Where q and q r represent the actual trajectory and the desired trajectory respectively.
Therefore, the derivative of sliding surface can be described as:ṡ
Substituting Eq.(6) into Eq.(10) generates:
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Without considering errors and external disturbances, the equivalent control law shown in Eq.(12) can be obtained by settingṡ = 0.
The witching control can be designed as Eq. (13) by using the Super-Twisting algorithm [2] , [19] - [21] .
Where k 1 > 0, k 2 > 0, and k 2 > δ > |φ(t)|, and δ represents the upper bound of the derivative of the model uncertainty and external disturbance.
Sign(s) is symbolic function, which is defined as:
So the final control law can be described as follows.
Substituting Eq. (15) into Eq. (11) generates:
Defining Lyapunov function as:
Then the first derivative of V is obtained:
SinceV ≤ 0,V is negative semi-definite. Which can guaranteed the global asymptotic stability of the system. However if f is unknown, the controller of Eq. (15) is difficult to realize, then neural network is employed to approximate the f .
IV. SUPER-TWISTING SLIDING MODE CONTROL BASED ON RBF NEURAL NETWORK A. APPROXIMATION ALGORITHM OF RBF NEURAL NETWORK
The RBF neural network is a feed forward network composed of input layer, hidden layer, and output layer, which greatly speeds up the learning process, avoids the local minimum problem and is suitable for real-time control requirements. The RBF neural network control can availably enhance the accuracy, robustness and adaptability of the system. The structure diagram of RBF neural network with multiple input and single output is illustrated in Fig. 2 RBF neural network is used to approximate f (x) utilizing the universal approximation property of RBF neural net-
T is the input vector of the network. Set the radial basis vector of the RBF network to be
T , where h j is the Gaussian basis function.
Where j represents the jth node of the hidden layer, c j = c j1 , c j2 , · · · c jn T represents the center vector of the jth node and j = 1, 2 · · · n, · represents the European norm, b j represents the width of Gaussian basis function. The weight of the input layer to the hidden layer of the RBF network is 1.0, and the weight vector of the network from the hidden layer to the output layer is:
The approximation algorithm of the RBF neural network can be written as :
Where W * represents the ideal weight of the neural network, ε represents the approximation error and |ε| ≤ ε N , ε N represents the upper bound of the approximation error.
Then the output of the RBF neural network is:
B. DESIGN OF SUPER-TWISTING SLIDING MODE CONTROLLER BASED ON RBF NEURAL NETWORK
This section will give the design of the Super-Twisting sliding mode controller based on RBF neural network. The block diagram of the control system is shown in the Fig. 3 : Because the actual model of the Micro Gyroscope system is unknown, the unknown part of the model is approximated by the RBF neural network. According to the approximation principle of the RBF neural network, the output value of RBF neural networkf (x) is used to approximate the unknown model f . Taking x = [qq]
T as the input of the RBF neural network, then the output of the RBF neural network can be described as:f
Wheref (x) = f 1f2
, andŴ changes according to the adaptive law. The adaptive law is derived from Lyapunov stability theory.
Then the Eq. (15) can be rewritten as:
Defining the error between neural approximation and true dynamics as , (27) Substituting Eq. (26) into Eq. (27) generates:
Defining Lyapunov function as Eq. (29):
Where γ 1 is a positive constant, and the first derivative of V can be given as:
In order to ensureV ≤ 0, design the adaptive law as Eq. (31):
Then the approximation adaptive laws of the Micro Gyroscope are:
Therefore, Eq. (27) can be simplified as:
Because k 2 ≥ M , M = |ε| + |φ(t)|, then the Eq.(33) can be rewritten as:
SinceV ≤ 0,V is negative semi-definite. Hence the global asymptotic stability of the system can be ensured, and s ≡ 0 VOLUME 6, 2018
whenV ≡ 0. According to the principle of LaSalle invariant set, the closed-loop system is asymptotically stable. The sliding surface s and its derivativeṡ can converge to zero in limited time, which guarantees the robustness and stability of the system.
V. SIMULATION STUDY
In order to illustrate the validity and superiority of the control method presented in this paper, the simulation study of the control method based on RBF neural network and the control method without RBF neural network is carried out under the environment of Matlab/Simulink. The parameters of the Micro Gyroscope are chosen as Table 1 . The angular velocity of the input of the Micro Gyroscope is assumed to be z = 100rad s. In order to make the numerical simulation more easily realized and simplify the design of the controller, the dimensionless procedure for the Micro Gyroscope system is carried out. Selecting the reference length and the reference frequency as q 0 = 1µm and ω 0 = 1000Hz, respectively. The dimensionless parameters of the Micro Gyroscope system are listed as Table 2 . The other parameters of the control system are chosen as Table 3:   TABLE 3 . Related parameters of the control system.
Where q 1 (0),q 1 (0), q 2 (0),q 2 (0) are the initial conditions of the system. q r1 , q r2 represent the reference trajectory of the x-axis and y-axis. c represents the sliding coefficient. Random signal d is considered as external disturbance. k 1 , k 2 represent the controller parameters of Eq. (25) .
In the approximation algorithm of unknown model of x-axis and y-axis, Fig. 4 to Fig. 12 show the simulation results. Fig. 4 and Fig. 5 display the position and velocity tracking of the x-axis and y-axis with the control method proposed in this paper. The results show that the proposed method can effectively track the reference trajectory and achieve satisfactory control effects. Fig. 6 indicate the control input under Super-Twisting sliding mode control with RBF neural network. The results show that the Super-Twisting sliding mode control method based on RBF neural network can effectively suppress chattering. Fig. 7 and Fig. 8 depict the position tracking error of x-axis and y-axis under Super-Twisting sliding mode control with RBF neural network and Super-Twisting sliding mode control without RBF neural network. Fig. 7 and Fig. 8 display that both controllers can quickly reduce tracking errors and make it converge to zero. However, the Super-Twisting sliding mode control method with RBF neural network can achieve more effective and accurate tracking in a shorter finite time than the method of Fig. 8 . In a word, Super-Twisting sliding mode control with RBF neural network has a better tracking property than Super-Twisting sliding mode control without RBF neural network. Fig. 9 shows the convergence curve of sliding surface, the simulation result shows that the sliding surface can converge to zero quickly. It also shows that the system can reach the sliding surface and stabilize on the sliding surface within the limited time. Fig. 10 is the approximation curve of the unknown model under Super-Twisting sliding mode control with RBF neural network. Fig. 11 draws the approximation error of the unknown model. The diagram indicates that the RBF neural network can effectively approximate the unknown model of the system. It can make the design of controller independent of its accurate mathematical model and simplify the control process, achieving the required dynamic and static performance.
In order to illustrate the superiority of the scheme proposed in this article, the root mean square error (RMSE) of x-axis and y-axis under Super-Twisting sliding mode control with RBF neural network and Super-Twisting sliding mode control without RBF neural network is analyzed. RMSE is very sensitive to the large or small error in the data, this is the reason why RMSE is widely adopted in engineering survey. Therefore, the validity and accuracy of the proposed method can be well proved by using RMSE. The RMSE along x-axis and y-axis under Super-Twisting sliding mode control with RBF neural network and Super-Twisting control without RBF neural network is listed in Table 4 . As can be seen from Table 4 , the RMSE under the SuperTwisting sliding mode control with RBF neural network is smaller than that under the Super-Twisting sliding mode control without RBF neural network. Through the comparison and analysis of the simulation results above, it can be seen that although the Super-Twisting sliding mode control without RBF neural network can also effectively track the reference signal, however the tracking speed is slow, the reference signal can not be tracked quickly in finite time compared with Super-Twisting sliding mode control using RBF neural network, and only when the precise mathematical model of the system is learned can the design of the controller be implemented in Super-Twisting sliding mode control without RBF neural network. The Super-Twisting sliding mode control using RBF neural network can solve such problem, show the satisfactory performance and guarantee the stability, robustness and convergence of the system.
VI. CONCLUSION
Combining the advantages of RBF neural network control and Super-Twisting sliding mode control, this paper presents a Super-Twisting sliding mode control for Micro Gyroscope system using RBF neural network. Firstly, RBF neural network is used to approximate the unknown model of the system, which makes the design of the controller independent of the precise mathematical model of the system and simplifies the design of the controller. Secondly, the Super-Twisting control can not only effectively weaken the chattering of the control input, but also guarantee the convergence of the system in limited time and enhance the performance of the control system. The advantages of the proposed method are proved by simulation results. He is currently a Professor with Hohai University, China. His research interests include adaptive control, nonlinear control, intelligent control, dynamics and control of MEMS, and smart materials and structures. VOLUME 6, 2018 
